Analytical structure
Among many types of SSC structures for Si-wire waveguides [4] -[6], we analyzed coupling loss for horizontally-tapered type SSCs [4] because it can be easily fabricated and have relatively low-loss characteristic. Fig. 1 shows the analytical structure of the horizontal taper SSC and its structural parameters. Here, the cross sectional area of the core was determined to be 0.3 μm square for taking into account the single mode conditions. In figure 1 , variables w t ，L，H u and H l represent tip-width of the taper, taper length, thickness of upper cladding and lower cladding layers, respectively. Refractive indices of Si and SiO 2 are assumed to be 3.5 and 1.5, respectively.
Experiments and results
In the calculation, we used semi-vector analysis using three-dimensional FD-BPM (Finite-Domain Beam Propagation Method). The wavelength used in the simulation was 1.55 μm. We investigated coupling losses for 3 different types of SMFs shown as follows to be coupled with the same Si-wire waveguide. Fig. 2(a) is for the TE-like mode (E major : E x ), and Fig.2(b) shows TM-like mode (E major : E y ). Taper length L and width of the taper-tip w t was determined to be 50μm and 0.05 μm, respectively. From this result, we found that the minimum coupling loss can be obtained when thicknesses of lower and upper cladding layers were H l = 5 μm and H u = 2 μm, respectively.
Next, we investigated the relationship between the coupling loss and the width of the taper-tip w t . We changed the width of the taper-tip from the range of 0.01 μm to 0.3 μm, and the result is shown in Fig 2(c) . In the horizontal taper structure SSC, the minimal coupling losses were obtained for different width of the taper-tips for the TE-like mode and the TM-like mode. Appling to fiber-optic communication systems, polarization independent characteristics are required. Therefore, we determined the width of the taper-tips w t = 0.02 μm where the coupling losses in both modes have the same values. Based on the results obtained from Fig 2(a), 2(b) and 2(c) , we next investigated the dependency of the coupling loss on the taper length L (Fig.2(d) ). From this result, we found that the coupling loss become almost constant for taper length when it is longer than 300 μm. In this case, obtained minimal coupling loss was 2.7 dB for TE-like mode.
We also investigated coupling losses for the high-Δ SMFs and lensed SMFs to obtain lower coupling loss conditions. Figure 2 (e) shows the analytical result using high-Δ SMF, whose optimized value was obtained at lower and upper clad thicknesses of H l = 3 μm and H u = 2 μm，taper-tip width w t = 0.02 μm, and taper length L ≥ 60 μm. In this case, the minimal coupling loss was 1.3 dB for TE-like mode. Figure  2 (f) shows the result for using lensed SMFs, whose optimized value was obtained at lower and upper clad thicknesses of H l = 2 μm and H u = 1 μm，taper-tip width w t = 0.06 μm, and taper length L ≥ 20 μm. In this case, the minimal coupling loss was 0.2 dB for TE-like mode.
Conclusions
We have theoretically investigated coupling losses for Si-wire waveguides from various types of optical fibers. We found that it is possible to minimize the coupling loss by adjusting the thickness of the cladding layer. In case of coupling using a conventional SMF, we found the lowest coupling loss can be obtained at lower and upper clad thickness H l ≥ 5 μm and H u = 2 μm, while in lensed fiber at H l ≥ 2 μm and H u = 1 μm. In this paper, we introduced a method which the clad thickness H l , H u , the taper tip width w t , and the taper length L are determined respectively. The smallest coupling loss was obtained in a coupling of a Si-wire waveguide and a lensed fiber, which was as low as 0.2 dB. (e) (f) 
